We investigated the circadian function of Drosophila dopamine receptors by using a behaviorally active decapitated preparation that allows for direct application of drugs to the nerve cord. Quinpirole, a D2-like dopamine receptor agonist, induces reflexive locomotion in decapitated flies. We show that the amount of locomotion induced changes as a function of the time of day, with the highest responsiveness to quinpirole during the subjective night. Furthermore, dopamine receptor responsiveness is under circadian control and depends on the normal function of the period gene. The head pacemaker is at least partly dispensable for the circadian modulation of quinpirole-induced locomotion, because changes in agonist responsiveness persist in decapitated flies that are aged for 12 h. This finding suggests a role for the perioddependent molecular oscillators in the body in the modulation of amine receptor responsiveness.
C
ircadian rhythms are genetically determined biological oscillations with a period of close to 24 h evident in the physiology and behavior of most organisms (1, 2) . One of the most obvious behaviors controlled by the circadian pacemaker in a variety of organisms is the rest-activity cycle, which can be clearly seen in Drosophila (3, 4) . Components of the circadian pacemaker responsible for rhythm generation were first identified in Drosophila, but recent data from other organisms, including humans, indicate a conservation in the molecular mechanisms underlying circadian rhythms (5) (6) (7) (8) (9) (10) .
The first genetically identified circadian mutant, period (per), encodes one of the essential elements involved in the transcription͞translation-based autoregulatory loop of the cellular circadian pacemaker (3, 6) . In Drosophila, the role of per in a group of brain neurons, the lateral neurons, is essential for the expression of circadian locomotor rhythm, thus pointing to these neurons as the site of the circadian pacemaker (11) (12) (13) (14) . However, studies in Drosophila indicate that circadian rhythm generators are not exclusively neural. In flies, per expression is also present in nonneural tissues, such as the Malpighian tubules, gut, testes, ovaries, and the chemosensory cells of the antennae (15) (16) (17) (18) . Most of these cells appear to contain autonomous per-based circadian oscillators (16) , but only in the case of the antennal chemosensory cells have these peripheral oscillators been linked to a functional output (18) .
Control of motor behaviors in both vertebrates and invertebrates has been linked to the biogenic amines, found in the central and peripheral nervous system (19) (20) (21) (22) (23) . Dopamine receptors with greatest similarity to the mammalian D1-like Gprotein-coupled receptors have been cloned in Drosophila (24) (25) (26) (27) . Although a D2-like dopamine receptor has not been identified at the molecular level in Drosophila or other insects, several lines of evidence support its existence (28) (29) (30) .
Our laboratory has described a behaviorally active preparation of decapitated Drosophila that allows for direct application of drugs to the nerve cord (28) . Biogenic amines stimulate locomotion, grooming, and hyperactive behaviors in these otherwise immobile preparations in similar but distinct manners. Here we focus our attention on a specific class of dopamine receptors and their role in circadian behavior. We measure behavioral responses to a D2-like dopamine agonist, quinpirole, which in decapitated flies stimulates locomotion. The fact that decapitated flies are behaviorally responsive but lack the brain circadian pacemaker makes them ideal for determining the role of body oscillators in the control of circadian behavior.
Materials and Methods
Decapitation of Flies and Behavioral Assays. w1118 wild-type and per o flies were raised at 23°C under a 12-h light͞12-h dark cycle. Two-to four-day-old flies were decapitated as described (28) and tested shortly thereafter, with modifications as noted. Flies were decapitated by using Dewecker Iris scissors (Fullam, Schenectady, NY) under CO 2 anesthesia and then were placed in a humidified container for either 30 min (no delay) or 12 h (12-h delay) before the addition of quinpirole. Only flies that showed an upright posture and a grooming response after stimulation of a thoracic bristle were used in the further studies. Each fly was placed on a grid of 1-mm graph paper under the microscope. The quinpirole solution was made in 10 mM phosphate buffer (pH 7) and applied at the exposed nerve cord at the anterior notum as a droplet with a micropipet, maintaining the contact for 2-3 s. Green food color (3 l) was added to 100 l of quinpirole solution to confirm that the drug and vehicle diffused into the preparation. Locomotion and grooming starts immediately after the drug application and was video-recorded for 2 min. Locomotion was quantified counting the grid crossings, assigning a value of 1.5 mm for diagonal crossings. Flies (n ϭ 30-50) were used for each time point. To establish if there is a statistically significant difference in the average amount of locomotion as a function of time of day, one-way ANOVA was performed by using the Microsoft EXCEL data analysis package. For pairwise comparisons between different time points, Microsoft EXCEL Student's t test was used.
In the constant light experiments, light͞dark (LD)-entrained, intact flies were released into constant dim light at dusk and decapitated 25, 31, 37, 43, 49 , and 55 h of constant light. Assuming that the circadian period is not significantly changed on release under constant conditions, the 25-, 31-, 49-, and 55-h time points fall within the subjective day, and the 37-and 43-h time points in the subjective night. Subjective day and night are defined as times that would have been light and dark had the flies continued in LD. By convention, time in LD is expressed as Zeitgeber time (ZT). In the 12-h delay experiments, under the LD conditions, flies were decapitated 7 h after lights on (ZT 7) or 7 h after lights off (ZT 19), and were aged for 12 h in the humidified containers under the same LD schedule. In the 12-h delay experiment in constant light (LL), flies were decapitated after 31 h (subjective day) or 43 h (subjective night) of LL, and tested with quinpirole 12 h later (43 or 55 h of LL).
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we used constant dim light, instead, to facilitate manipulation and data collection from the decapitated flies. Although prolonged exposure to bright light eventually will lead to a behavioral arrhythmicity, the effect is not immediate. After release into LL, a robust cycling in per mRNA and protein persists for at least 58 h (31). Additionally, to minimize the arrhythmicinducing effects of LL, we used very dim light (13 ϫ 10 10 W͞cm 2 ). Consistent with observations in intact flies (31), we detect robust amplitude in the modulation of the quinpirole sensitivity during the second day in LL (Fig. 1B) .
Results

Quinpirole-Induced Locomotion Changes as a Function of the Time of
Day and Persists Under Constant Conditions. Decapitated flies maintain an upright posture with a low level of grooming and show no locomotion without the addition of biogenic amines or dopamine agonists (28) . Distinct and reproducible behaviors can be evoked by mechanical or pharmacological stimulation. Application of the dopamine agonist, quinpirole, to the exposed nerve cord of decapitated Drosophila induces locomotion (28) . Because in mammals, neurotransmitters reported to be involved in regulation of motor activity exhibit circadian modulation in their levels as well as the corresponding receptor densities, we decided to test if quinpirole sensitivity changes during 24 h. When flies are kept under a LD schedule, and are decapitated at 3-h intervals during LD cycle, the amount of quinpiroleinduced locomotion changes as a function of the time of day (Fig.  1 A) . Quinpirole was least effective during the light portion of the LD cycle, inducing the least locomotion at ZT 7, and the most at ZT 19 ( Fig. 1 A) . Because quinpirole was applied shortly after flies were decapitated, we expect that the locomotor output measured is indicative of the dopamine agonist responsiveness at the time of decapitation.
To determine whether the modulation of the dopamine agonist responsiveness is under the control of the circadian pacemaker, we performed similar measurements after transferring LD-entrained flies into LL. The locomotor responses to quinpirole continue to be rhythmic for at least 2.5 days of constant conditions, indicating that responsiveness to agonist is modulated by an endogenous circadian pacemaker (Fig. 1B) . Similar to the behavior observed in LD conditions, agonist responsiveness to quinpirole was significantly higher during the subjective night (37 and 43 h) than during the subjective day (25, 31, 49 , and 55 h) (P Ͻ 0.001). We find that similar to the described dampening of 24-h molecular rhythms of per and cryptochrome (cry) expression under constant conditions in intact flies (32) (33) (34) , modulation of quinpirole-responsiveness is lower in LL than in LD. We observe that a 2.3-fold peak-to-trough amplitude is in LD (Fig. 1 A) , versus a 1.7-fold in LL (Fig. 1B) .
Quinpirole-Induced Locomotion Is per Dependent. If the modulation of dopamine agonist responsiveness is under the control of the circadian pacemaker, we expect that circadian modulation of responsiveness to quinpirole would depend on a functional per gene. We tested per-null mutants, (per 0 ), which lack per protein and are functionally arrhythmic under constant conditions. These mutants, however, do show rhythmic locomotion if they are kept in LD (3, 35) .
We find that the rhythmic properties of the behaviors evoked in our decapitated preparation show parallels with circadian behaviors of the intact per kept in LD conditions ( Fig. 2A) , however with a lower peak-totrough amplitude (1.7-fold) than the wild-type flies. This indicates that rhythmic effects of LD have a similar effect on the modulation of quinpirole-induced locomotion in our decapitated preparation as it has on the locomotor activity of intact per 0 flies. In contrast, when the quinpirole challenge was performed on per 0 flies kept in LL, this modulation disappears (Fig. 2B ). This result shows that modulation of responsiveness to the dopamine agonist is under per-dependent circadian control and that the modulation of quinpirole-responsive dopamine receptors is likely downstream of per.
Body Oscillators Can Modulate Quinpirole-Induced Locomotion in the
Absence of the Head Pacemaker. We used decapitated flies to determine whether the brain pacemaker is required for the circadian modulation of quinpirole-induced locomotion. Specifically, we were interested to learn whether the clock in the body can support the modulation of agonist responsiveness after removal of head input. In the following experiments, flies were decapitated and aged for 12 h before receiving quinpirole. Although decapitated flies can live and remain responsive to touch up to 3 days, we find a 12-h time interval optimal, because at longer aging times, a significant number of flies becomes unresponsive to drug because healing of the exposed tissue prevents successful drug diffusion into the nerve cord (data not shown).
Our data indicate that the brain circadian pacemaker is at least partly dispensable for the continued modulation of nerve cord dopamine receptor responsiveness (Fig. 3) . Fig. 3A compares average quinpirole-induced locomotion from the control f lies, decapitated and tested at ZT 7 and ZT 19 (no delay) with f lies that were tested with quinpirole 12 h after decapitation (12-h delay). If f lies are decapitated at ZT 7, but tested 12 h later (corresponding to ZT 19) , their responses are strikingly similar to the f lies that are decapitated and tested at ZT 19. To determine whether the modulation of agonist responsiveness is a property of an oscillator capable of modulating receptor sensitivity under constant conditions, we performed the same experiments in LL. Again, the response to quinpirole in f lies decapitated and aged for 12 h changes with the expected directionality. Flies that were decapitated and tested after 43 h of LL show similar locomotion to f lies decapitated after 31 h of LL and tested 12 h later (Fig. 3B) . Similar modulation is obtained from f lies decapitated at the peak of the quinpirole sensitivity (43 h of LL) and tested 12 h later (55 h of LL), indicating that the amount of induced locomotion either increases or decreases depending on the receptor sensitivity at the time of decapitation.
The body oscillators that modulate agonist responsiveness are per dependent, because the modulation of quinpirole responsiveness subsequent to decapitation is abolished in per 0 flies in LL (Fig. 3D) . In contrast, when per 0 flies were kept under LD conditions, modulation of the quinpirole-sensitive dopamine receptors persists without the brain input (Fig. 3C) , showing that the bodies of per 0 flies are photosensitive. Taken together, these observations indicate that the dopamine receptor circuits in the body, presumably in the nerve cord, are per dependent, and show at least a degree of independence in circadian modulatory functions from the brain circadian oscillators. Technical limitations preclude the determination of whether these bodylocalized circuits can show true circadian oscillatory behavior when independent of the brain. 
Discussion
We used a behaviorally active preparation of decapitated D. melanogaster to demonstrate circadian modulation of quinpirolesensitive dopamine receptor responsiveness in the ventral nerve cord. We show that quinpirole-induced locomotion changes as a function of time of day, is modulated by per in a circadian manner, and persists in at least partial function in the absence of the brain circadian pacemaker. We propose that quinpirolesensitive amine receptors are a component of the output pathway from the molecular pacemaker involved in the circadian control of locomotor activity.
The Relationship Between Modulation of Quinpirole-Stimulated Locomotion in the Nerve Cord and Circadian Modulation of Locomotion
in Vivo. The circadian variation in locomotor output of the Drosophila nerve cord in response to dopamine agonist stimulation shows two interesting differences from the pattern of locomotor responsiveness in living flies. First, the rhythms of quinpirole-stimulated nerve cord responsiveness are in opposite phase with in vivo locomotor activity patterns, reaching peak levels during the subjective night, at the time when living flies are least active. Second, there are subtle differences in the activity profiles of the intact and decapitated flies during the light-todark transitions.
The out-of-phase nature of in vivo vs. nerve cord locomotion is most readily explained if the nerve cord responses are modulated as compensatory postsynaptic effects as has been observed in vertebrates (36) and Drosophila (61) . Postsynaptic dopamine receptors can compensate for differences in the amount of presynaptic release, decreasing sensitivity when dopamine release is high, and increasing when low. In this latter study, constitutive overexpression of a stimulatory G ␣ subunit in the dopamine and serotonin neurons, which is expected to increase amine release, results in a decrease in postsynaptic responsiveness to quinpirole (61) . Reciprocally, overexpression of the inhibitory G ␣ subunit or tetanus toxin results in a increased responsiveness to quinpirole. We speculate that increased dopamine release during the subjective day would stimulate locomotor behaviors, with decreased postsynaptic receptor sensitivity acting as a partially effective compensatory mechanism. At night when dopamine release is presumed to be lower, up-regulation of receptor responsiveness would mediate the enhanced response to quinpirole. Although this model postulates that dopamine release is under circadian control, dopamine synthesis is not, because we find no variation in brain dopamine content as a function of the 24-h day (data not shown). If modulated dopamine release sets the responsiveness of the quinpirole-sensitive receptors, it could occur even in flies lacking brain input. In invertebrates, the ventral cord, unlike the higher vertebrate spinal cord, contains aminergic cell bodies (37) . Thus, a rhythm of aminergic release under the control of body modulatory circuits could set the responsiveness of quinpirolesensitive receptors. In intact flies, circadian behavior could be under coordinated control of both the body oscillators and the pacemaker in the brain, because additional dopamine input to the ventral cord originates in the brain and reaches the nerve cord through descending dopamine fibers (37, 38) .
Alternatively, the observed circadian modulation of quinpirole sensitivity could be under more direct circadian control. By this scenario, modulation of dopamine receptor sensitivity or other signaling components downstream of the receptor would be modulated independently of the magnitude of dopamine release. More complicated models are certainly possible, in which dopamine receptor activation could be part of a negative regulatory input acting on a neuronal locomotor circuit. Further mechanistic studies will depend on isolation of the relevant quinpirole-sensitive receptor, and examination of its neuronal connectivity and mutant phenotypes.
The second difference between nerve cord responsiveness and circadian locomotor patterns in vivo comes from the shape of the day͞night activity profiles. Living flies are most active at times surrounding the day͞night transitions in LD conditions. On transfer to constant conditions, these peaks of activity gradually merge into a single peak of activity that occurs during the subjective day (35, 39) . In contrast, the activity profiles of the quinpirole-stimulated decapitated flies show a rather smooth and nearly sinusoidal transition in either LD or LL, with no hint of activity spikes or depression at the LD transition times. This behavior is most likely a result of a degree of independence of the body modulatory circuits from direct photic input from the eyes. These nerve cord activity profiles rather closely mimic variations in olfactory sensory neuron responsiveness, which show both a similarly smooth LD variation, and enhanced responsiveness during the subjective night (18) . It thus seems likely that the modulation of the nerve cord amine receptor is linked more closely to the day vs. night bias in activity, rather than precisely tracking in vivo activity levels.
Partial Autonomy of the Nerve Cord Oscillators Controlling Dopamine
Receptor Responsiveness. Whereas it is clear that the lateral neurons within the brain contain the central circadian pacemaker (13, 40, 41) , several lines of evidence suggest that circadian oscillators in the periphery are required for normal circadian behaviors. The existence of independent circadian oscillators has been demonstrated by findings of rhythmic daily transcription of per and timeless in peripheral sensory tissues (16) , and in nonneural organs such as Malpighian tubules (15, 17) . Protein and mRNA production of per and timeless genes remains rhythmic in Malpighian tubules of decapitated flies (15) . Light can entrain and phase shift per transcriptional rhythms in cultured body parts (16) . Cryptochrome, a blue light-sensitive photoreceptor, is proposed to be the major photoreceptor involved in resetting the brain circadian clock, and may be involved in transducing light information to circadian oscillators outside the head (42) . Furthermore, unlike head-specific opsin expression, cryptochrome mRNA is present in the body where it is rhythmic and in phase with the expression in the head (34) .
Functional roles for these peripheral oscillators have been demonstrated only for two processes: (i) localized per expression is required for circadian variation in olfactory sensitivity of antennal chemosensory cells (18) , and (ii) the normal ultradian rhythm of the male courtship song, which depends on per expression in thoracic ganglia (43) .
Our results show that when decapitated flies are aged for 12 h before application of quinpirole, locomotor responses continue to be modulated with the expected directionality. Technical limitations of our system preclude the demonstration that this modulation results from fully independent nerve cord oscillators, but our results suggest that the nerve cord can maintain at least a degree of independence from the central circadian oscillators in the brain. Because this independent nerve cord modulation is both per dependent and light sensitive, it shares modulatory aspects characteristic of true circadian behaviors. The potential relevance of these nerve cord regulatory circuits to in vivo circadian modulation of locomotory activity is indicated by the transgenic line per 01 7,2:2 where per expression is restricted only to the laternal neurons with no detectable expression in the nerve cord (40) . These flies show a longer than normal period of locomotion and lower power, a measure of robustness of the rhythm, indicating that although per expression in the lateral neurons is necessary, it is not sufficient for a completely wild-type pattern of circadian locomotion. These flies lack per expression in glia surrounding the brain lateral neurons, leading those authors to propose that the lack of per expression in these cells might be responsible for the altered phenotypes (40) . It remains possible that the altered rhythmicity in these transgenics is caused by the lack of peripheral per expression, leading to reduced robustness of locomotor modulation.
In insects other than Drosophila, there is additional evidence indicating that the brain pacemaker may not be the only structure capable of controlling circadian outputs. Sperm release in the gypsy moth is controlled by a light-sensitive circadian pacemaker located in the reproductive system (44) . Circadian cuticular deposition in the cockroach persists after complete ablation of optic lobes and shows light independence (45, 46) . In Leuchopaea maderae, a temperature-sensitive oscillator located outside the optic lobes can control locomotor activity (47) .
Quinpirole-Activated Dopamine Receptors: A Component of the Circadian Organization in Drosophila. In mammals, dopamine is an important component of the input pathway to the pacemaker during a restricted phase of development (48) (49) (50) . Dopamine, acting through a D1 receptor that is highly expressed before birth, conveys nonphotic information mediating maternal-fetal entrainment (48, 49) . D1 receptors continue to be expressed in the adult circadian pacemaker; however, they do not seem to play a role in photic control, a major form of entrainment of the adult circadian clock (50) .
Our results are most simply consistent with a role for quinpirole-activated dopamine receptors acting in the output pathway from the brain circadian pacemaker. However, none of our results preclude a role for these as of yet unidentified receptors in modulating intercellular responses between cells of the brain circadian pacemaker. Biogenic amines have been implicated in the control of motor behaviors in vertebrates and invertebrates, both in the central and peripheral nervous system (19 -23) . In humans, the importance of dopamine in motor control is most evident in Parkinson's disease, where degeneration of dopamine cell bodies in substantia nigra results in movement disorders. Interestingly, some Parkinson's disease patients display variations in circadian activity patterns, whereas other studies show daily oscillations in the severity of the symptoms, indicating potential communication between the dopamine system and circadian clock (51) . In spinal cats, where the neural axis has been transected, monoaminergic systems are involved in initiation and modulation of locomotion (52) . In arthropod species, injections of dopamine, serotonin, or octopamine into the central nervous system evokes distinct motor postures, suggesting that they are released endogenously to mediate behavior (53, 54) .
Additional evidence consistent with a role of aminergic signaling in the Drosophila circadian output pathway comes from studies of mutants in the f ly catalytic subunit of cAMPdependent protein kinase gene (PKA), DCO, whose gene product functions downstream of the brain circadian pacemaker (55) . DCO mutant f lies display arrhythmic locomotor activity, but per protein and mRNA in the brain shows normal daily oscillations, indicating that PKA functions in the f low of information between the pacemaker cells and the output pathways (56) . In vertebrates, D2-like dopamine receptors are negatively coupled to adenylyl cyclase, resulting in inhibition of cAMP production (57) . If the analogous situation holds in f lies, mutations in PKA would be epistatic to regulation of a dopamine receptor.
Our data indicate a role for modulation of dopamine receptor responsiveness in circadian behavior. Modulation of dopamine receptor sensitivity is involved in modulating responses to the indirect amine agonist cocaine both in vertebrates and in flies (58, 59) . Cocaine functions as a stimulator of reflexive motor and locomotor behaviors both in flies and in vertebrates (60) . It is thus not totally surprising that modulation of responsiveness to cocaine in Drosophila crucially depends on the normal function of a subset of the circadian genes (59) . Given this overlap in functions, it seems likely that there will be altered circadian functions in other mutants showing altered cocaine responses.
